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Abstract: Through-life management of aircraft structural integrity (ASI) is an important program in both 
civilian and military aviation providing structural safety, improvements in aircraft availability, and 
reduced cost of ownership. One innovative method for life extension is rework shape optimisation to 
minimise stresses at crack prone regions in metallic airframe components. This paper covers the 
collaborative work carried out between ASI-DGTA and AVD-DSTO in developing and transitioning the 
shape optimisation technology to manage and improve ASI within a regulatory environment. It is 
shown that numerical methods based on structural mechanics, can be used to develop robust and 
practical optimised rework shapes. Key lessons learned are discussed, including indicative results for 
the interaction of some key design parameters on peak stresses and predicted fatigue lives. Finally 
strategies for the application and transition management of this technology are given.  
Keywords: airframe structural integrity, fatigue life extension, shape optimisation, stress concentration, 
technology transitioning.  
1 Introduction 
Typically during the working life of an airframe, a few key stress-concentrating locations can become 
fatigue critical, and an effective repair option is needed. An appropriate repair can provide significant 
economic benefits, by avoiding the need for component replacement, or increasing the interval 
between costly periodic in-service inspections. The approach adopted here is to determine precise 
optimal rework shapes that minimize the peak local stresses, while at the same time removing the 
cracked region at the stress concentrator. The general approach adopted is an iterative gradientless 
finite element analysis (FEA), based on an analogy with biological growth, [1-8]. Apart from minimizing 
peak stress, the design requirements for optimal rework shapes can be significantly different to the 
case where a new component is being designed. For example, in the rework context: (i) the optimal 
hole must be larger than the existing hole; (ii) different manufacturing constraints operate, because the 
rework must typically be done in situ; (iii) the shapes need to be more robust to errors in load direction 
uncertainty due to manufacturing misalignment, or geometric variability in the aircraft fleet; and (iv) 
potential weight saving is usually insignificant. In this paper we focus on the collaborative work carried 
out between Aircraft Structural Integrity Section Directorate General Technical Airworthiness (ASI-
DGTA) and the Air Vehicles Division (AVD) of DSTO in adopting and transitioning the shape 
optimisation technology to manage and improve ASI within a regulatory environment. Initially Section 
2 gives a review of the methods used to determine optimised rework shapes. Section 3 then discusses 
relevant regulations and standards for airframe application. Two case studies are given in Section 4 
focusing is on geometrically constrained holes which are representative cracking locations. Some 
general trends and key lessons learned are also given. Finally Section 5 presents the approach for 
transition management of the technology. In the context of rework shape optimisation, the correct 
assessment and application of relevant airworthiness standards can provide for; structural safety, 
improvements to the availability of aircraft, and minimisation of the cost of ownership. 
2  Analysis Method 
To undertake the analyses DSTO optimisation algorithms are interfaced with the FEA codes MSC 
Nastran and PAFEC. Linear elastic and isotropic material properties are assumed in all cases. 
2.1 Reducing Multiple Stress Peaks Around Constrained Holes – Single Load Case 
Consider a hole in a remotely loaded large 2D plate, as shown in Figure 1a. There are k nodes 
distributed around the hole boundary, and the local tangential stress at the i-th node is σi. The multi-
peak stress distribution around the boundary of a circular hole is shown in Figure 1b. There are four 
distinct stress peaks, i.e. σp1, σp2, σp3 and σp4), which in general are not equal to one another, together 
  
with four zero crossings. The zero crossings are used to identify the set of n subregions of positive and 
negative stress, each subregion lying between a consecutive pair of zero crossings. It is postulated in 
this work that a constrained optimal shape will have n zones of peak uniform stress, [4,5]. During each 
FEA iteration, the stresses are computed at all the hole boundary nodes. Then, the i-th boundary 
node, which is located in the q-th stress subregion, is moved in the direction of the local outward 
normal to the boundary by a distance q
i
d ,as: 
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Here q
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σ  is the tangential stress at node i in the q-th stress subregion, q
th
σ  is the stress threshold 
corresponding to the peak positive or negative stress occurring in the q-th stress subregion (updated 
each iteration), s is a constant step-size scaling factor and c is a characteristic length. Hence, at each 
iteration material removal only occurs at localized low stress regions, with the amount at each node 
being proportional to the stress difference as compared to the threshold value. This process is 
repeated until the optimal is reached. This occurs when the stresses in each subregion converge to a 
reduced constant value, within some prescribed tolerance, over the maximum possible length of arc: 

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Here 
T
  represents the normalized total combined length of the constant stress zones,
q
 , around the 
hole boundary. The optimisation is subject to a minimum radius of curvature constraint ρ  ρmin, (to 
avoid sharp corners) and an optional geometric bounding constraint consisting of a polygon with m 
sides. Special algorithms are also used to avoid mesh distortion. 
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Figure 1. Description of multi-peak method: (a) notation for constrained optimisation of a hole in a 
loaded plate, and (b) typical stress distribution around initial circular hole and optimized hole. 
2.2 Robustness and Extension to Multiple Load Cases or Load Perturbation 
The aim here is to determine a ‘robust’ notch shape that renders the peak stress constant and 
minimal, for multiple load cases, along a boundary segment. It is useful to initially explain this for only 
one subregion for the 2D case, [2]. Consider Figure 2a, which shows an arbitrary hole in a plate, 
subjected to a remote uniaxial load that can be applied over a range of angular orientations. The 
angular orientation,, of that load is discretised into an appropriate number of individual load cases l = 
1...m, where l is the load case identifier and m is the total number of load cases. For an arbitrary initial 
hole shape, the stress distribution σl,i around the hole, as well as the magnitude and position of the 
peak stress, will usually be different for each load angle, as illustrated in Figure 2b. The locus of the 
maximum peak stress distribution q
iml
q
i ,1
max,
max  
 for all load cases is also shown in Figure 2b. To 
render the peaks minimal and constant, the nodal movements can be calculated in a similar fashion to 
the basic method in (1), except here the stress term σi is replaced with the locus of the maximum 
stress term q
i
max,
 . Hence, for the q-th subregion, at each iteration the boundary node movements are: 
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Figure 2. Robust stress optimisation, for one subregion: (a) plate with remote uniaxial load of varying 
orientation α; (b) typical stresses around initial hole boundary, for different load condition cases. 
2.3 Extension for Through Thickness Stress Variation – Quasi 3D 
From a manufacturing perspective, it is desirable to have the same 2D shape throughout the plate 
thickness. However in the optimisation analysis, the 3D variation of stress through the plate thickness 
can be taken into account. Hence at any angular position i around the hole boundary, the maximum 
nodal stress q
ivjml
jq
i ,1,1
,max,
max   
 through the thickness, j = 1…v, is used as the basis for the 
optimisation calculation, [4,5]. The nodal movements at a given angular position i, are then given by: 
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3 Regulation and Standards for Airframe Application 
An important element of in-service ASI management is the appropriate use of relevant standards and 
regulations and apply best practice to manage aircraft availability, safety, and cost of ownership. In the 
military aviation application regime, the standards are followed in a manner prescribed by the aircraft 
fleet manager (for example RAAF). One aspect of this is to undertake structural repairs to alleviate 
degradation due to fatigue and ageing effects. The design of an optimised rework is achieved through 
established principles of structural mechanics and FEA automation, which can be considered 
consistent with industry best practice. Using this basis, the next step is to determine if the design 
meets relevant Airframe Regulations and Standards for Structural Modifications and Repair, such as 
DEF STAN 00-970 [9] and JSSG [10]. Also, the US Military Standard 1530 details the ASI 
requirements to be implemented by an Authorised Engineering Organisation (AEO). 
3.1 Stakeholders for Shape Optimisation (SOPT) Technology Application 
The application of SOPT technology to ADF airframes involves a number of stakeholders. The 
principal stakeholder to sponsor and promote this technology is ASI-DGTA on behalf of the Director 
General Technical Airworthiness (DGTA). The DGTA is the technical airworthiness authority and 
regulator for all ADF aircraft. The other key stakeholders include; (i) DSTO Air Vehicles Division for the 
technology development, and (ii) authorised aircraft engineering and maintenance organisations for 
transitioning and implementation.  
3.2 Key Structural Life Management Philosophies 
Airframe components are usually certified and managed on either a ‘safe-life’ or ‘safety-by-inspection’ 
basis [9,10], as briefly explained below in the context of fatigue life estimation. Under a safe-life 
approach, the component in the as-manufactured condition is assumed to be defect free. The life of 
the component is estimated by full scale testing, coupon testing or analysis, or a combination thereof. 
The estimated life is then scaled by an appropriate safety factor in order to provide a safe estimate of 
the service life, within a selected probability of failure. After the safe-life is reached, the component 
may be withdrawn from service, repaired, or managed via a safety-by-inspection approach. A common 
approach for estimating fatigue lives at local details is the stress life approach, as shown schematically 
in Figure 3a, where Kt is of key importance. Since shape optimisation decreases Kt from Kt1 to Kt2 , the 
fatigue life increases from t1 to t2, as compared to a non-optimal geometry. The safety-by-inspection 
approach relies on periodic inspections to demonstrate that the initial size of assumed existing cracks 
(often chosen to match the inspection threshold) are small enough to achieve a further period of safe 
  
operation. After that period has expired, the location is inspected again to assess if it can remain in 
service for another period, and so on. As shown in Figure 3b, the residual life, tr, is the time in flight 
hours for a fatigue crack to grow from the NDI maximum undetectable size andi to a critical size ac. 
Here ac is the maximum crack size such that the structure has sufficient residual strength to withstand 
the required loading. At a hole the initial crack is typically assumed to be a semicircular edge crack, 
where the crack depth from the hole edge is a, with andi = 1.27 mm. The inspection interval is then 
determined as I = tr/SF, where SF is a safety factor, chosen typically as SF = 2. Shape optimisation 
typically increases the residual life by reducing the magnitude of the stress intensity factors, KI, for 
crack lengths andi < a < ac, as compared to a non-optimal stress concentrator. The KI are often 
determined from the stress distribution of the uncracked component, along the prospective crack path. 
The difference in KI between a non-optimal and an optimal notch is most significant when the crack is 
small. In the present work, the crack growth program, FASTRAN was used for the predictions, [5,11].  
   
  
 
 
 
 
 
 
 
 
 (a) (b) 
Figure 3. Fatigue  life extension from shape optimisation: (a) stress-life curve used by a ‘safe-life’ 
approach, and (b) crack growth curve used in the ‘safety-by-inspection’ approach. 
4 Case Studies 
4.1 F-111 Wing Pivot Fitting – Fuel Flow Vent Holes and Stiffener Runouts 
These critical locations are managed via safety-by-inspection due to the possibility of flaws induced 
during manufacture and through fatigue cracking, in the high strength steel which is used. Rework 
shape optimisation was selected to reduce the risk of cracking and extend the life [3,5]. The FE model 
used for final development of the optimal shapes (semi-automated) is shown in Figure 4. For each 
wing pivot fitting (WPF), four optimal stiffener runouts (SROs) were designed, along with four optimal 
fuel flow vent holes (FFVHs), with the locations shown in Figure 4b and 4c, respectively. A sample 
optimal hole shape for FFVH #13 is shown in Figure 5a along with the blueprint and traditional rework 
geometries. The optimal shape provides peak stress reductions at the critical location ( 345) of 
53% and 38%, respectively. The stress reductions and durability of the optimal shapes have been 
demonstrated by full-scale static strain surveys and fatigue tests. Overall, the inspection interval is 
demonstrated to be doubled, [3]. A complex but robust manufacturing process was devised which 
involved electrical discharge machining, (see Figures 5b and 5c). In total 96 features were reworked. 
Some key lessons were identified that will need to be carefully managed in future applications; (i) to 
take into account larger-than-expected variations in the geometry between WPFs in fleet aircraft, (ii) 
simplified manufacturing methods are desirable, and (iii) a greater understanding of the interaction of 
NDI limits, hole size and inspection intervals is important, (see Section 4.2). 
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Figure 4. F-111 wing pivot fitting 3D FE model showing: (a) upper plate region, (b) stiffener runout 
features selected for optimisation, and (c) FFVH features selected for optimisation. 
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Figure 5. Typical optimal reworks for F-111 WPF: (a) hole shapes, (b) manufactured holes, and (c) 
manufactured stiffener runout. 
4.2 Hole Close to Plate Edge – Effect of Hole Size and NDI limits 
Figure 6a shows a large rectangular plate subjected to uniaxial loading, S, containing a hole near one 
edge. A key aspect is that the hole cannot grow beyond the bounding constraint line x = -w/2. The 
plate geometry is W/H = 0.6, the initial hole width is w/W = 1/6, and the hole center is located at e = w. 
Here we give peak Kt and fatigue results for optimized holes for a range of h/w and ρmin, and these are 
compared to an initial circular hole, [4,5]. The Young’s modulus is 71 GPa, while Poisson’s ratio is 
0.33. As a useful limiting case, a single load case optimisation is undertaken to investigate this effect. 
Figure 6b shows a typical comparison of the shape of a nominal 2:1 elliptical hole (A) with that of the 
optimal hole (B), and Figure 6c shows the corresponding variation of Kt around the hole boundary, as 
a function of non-dimensional arc length, μ. The optimal shape reduces the four initial stress peaks to 
flat-topped regions (within a tolerance of 0.1%) by 24%, 29%, 11% and 29%, respectively. 
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Figure 6. Constrained hole near edge in uniaxially loaded plate: (a) geometry, (b) elliptical (A) and 
optimal hole (B) shapes for h/w =2, and (c) variation of Kt around boundary. 
 
The peak Kt results are summarized in Table 1. As h/w is increased, large stress reductions are 
demonstrated compared to the initial circular or elliptical hole. Also as h/w is increased, the effect of 
different ρmin constraints diminishes. All fatigue calculations are given for prospective cracking on the 
left-hand side of the hole. As an example the flight load spectrum and material data are chosen to be 
consistent with a lower wing skin region of the AP-3C aircraft. An outline of the fatigue analysis 
approach used is given in Section 3.2, see in particular Figures 3a and 3b, with more detail in [5]. The 
estimates for relative safe-lives as compared to the initial circular hole are summarized in Table 1. 
Even for the large constraint case, ρmin/w = 0.3 (which is desirable for ease of in situ manufacture), 
there are very large increases in life, and the benefit increases with increasing hole aspect ratio as 
expected. Typical predicted inspection interval results are summarised in Table 2. This is for a large-
hole case with w = 100 mm, where the life intervals are normalized with respect to those for the circular 
hole case with andi = 1 mm, and for a plate thickness of t=w/2. It can be seen that the relative inspection 
interval increases with increasing h/w, for a given andi. As expected for a given h/w, the inspection 
interval decreases with increasing andi; highlighting the benefit of keeping andi small. 
  
 
Table 1. Comparison of relative safe lives, tt2/tt1, and (Kt) for optimized hole near edge of plate. 
Minimum radius of 
curvature constraint 
Circular hole 
relative life 
Optimal, h/w  1.0 
relative life 
Optimal, h/w  1.5 
relative life 
Optimal, h/w  2.0 
relative life 
Optimal, h/w  2.5 
relative life 
ρmin/w = 0.1 1.00 (3.99) 3.12 (2.79) 4.73 (2.45) 6.11 (2.26) 7.27 (2.14) 
ρmin/w = 0.3 1.00 (3.99) 2.14 (3.14) 3.82 (2.62) 5.25 (2.37) 6.56 (2.21) 
 
Table 2. Relative inspection intervals, tr2/tr1 for optimized hole near edge, compared to circular hole 
with andi = 1 mm, ρmin/w = 0.3. 
Inspection crack 
threshold, andi 
(mm) 
Circular hole 
relative interval 
Optimal, h/w 1.0 
relative interval 
Optimal, h/w  1.5 
relative interval 
Optimal, h/w  2.0 
relative interval 
Optimal, h/w  2.5 
relative interval 
1 1.00 1.85 2.94 4.32 4.94 
2 0.63 1.13 1.86 2.71 3.08 
3 0.49 0.82 1.33 2.12 2.23 
4 0.42 0.64 1.01 1.71 1.71 
5 Transition of Shape Optimisation Technology  
To date SOPT technology has been developed and applied on a case by case basis to ADF aircraft. 
The current aim is to efficiently transition this technology more widely to other aircraft in service with 
the ADF. The transition management for SOPT is still an evolving process; however one issue 
identified was the need for a codification and specification document (SD). This has now been 
achieved through the SOPT-SD [8]. A broad summary of the transition management within the ADF 
engineering management framework is given in Figure 7. It can be seen that once the potential 
application of SOPT is identified, it is immediately followed by a feasibility analysis. The feasibility 
analysis may include cost-benefit and risk analysis consistent with the Aircraft Structural Integrity 
Program (ASIP), for that specific airframe. Once the feasibility analysis indicates a likely positive 
outcome, the SOPT Repair Development can be initiated, either on a single airframe and/or on a fleet 
of aircraft. Here a one-off repair may be designed using the methods outlined in Sections 2 and 4, 
[3,5], or existing generic optimal shapes can be used [2,4,6,7]. In the repair development process key 
aspects to consider are stress reduction, fatigue life, non-destructive inspection methods, geometric 
constraints, and manufacturing methods. Then a package of engineering documents can be reviewed 
by the AEO for acceptance.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. SOPT technology transitioning. 
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6 Conclusions and Recommendations 
This paper has demonstrated how research developments based on structural mechanics principles, 
carried out in a Defence R&D organisation, can be transitioned to practical applications, within a 
military regulatory environment. Initially, the numerical methods used were presented and 
demonstrate that robust optimised rework shapes can be designed and then successfully 
implemented. Some key issues/lessons were identified which require careful consideration in future 
applications. For example; (i) accounting for larger-than-expected variations in the local geometry 
between fleet aircraft, (ii) understanding that simplified manufacturing methods are desirable, and (iii) 
quantifying the interaction of key parameters, such as NDI limits, hole size and inspection intervals. 
Indicative results for the interaction of some of these key design parameters on stress reductions and 
predicted fatigue lives, are given. Information is then provided on how such R&D is transitioned to 
practical applications, making use of relevant regulations and standards, within a military aviation 
environment such as the ADF. This process covers aspects of (i) feasibility analysis including defect 
assessment and a cost benefit analysis, (ii) development of a specific repair, and (iii) an approved 
design and implementation package. This approach, as outlined in the present paper (and some of the 
quoted references) may be useful for other R&D organisations aiming to transition technologies into 
industries within a regulatory environment. 
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